Treatment under H 2 at 300 °C of Ru(COD)(COT) dispersed on silica yields 2 nm ruthenium nanoparticles, showing that O 2 adsorption cannot be used to measure the dispersion of Ru particles.
INTRODUCTION
Supported metal nanoparticles constitutes a large class of heterogeneous catalysts, [1] and their properties (activity, selectivity…) are often, if not always, associated to their size and shape. [2] Thus, a precise measurement of their size, often referred to as dispersion, is critical if one wants to understand their reactivity and try to develop structure-reactivity relationships. Of various methods targeted at measuring particles dispersion measurements, H 2 and O 2 adsorptions [3] are very useful and convenient: however this approach relies on the knowledge of the number of hydrogen adsorbed per surface atoms, and this stoichiometric ratio depends on the metals. In the case of platinum [4, 5] and rhodium, [6] extended studies on adsorption measurements, based on Langmuir adsorption isotherms, correlated to particle size distributions (determined by TEM), led to the stoichiometry of 2H/M s , in contrast to the former accepted value of 1H/M s . [7] In the case of ruthenium, early studies on Ru powders suggested a ratio of 1.5 by comparing H 2 and N 2 adsorptions. [8] Later studies on powder and supported samples [9, 10] were consistent with a stoichiometry of 1H irrev /Ru s (or slightly higher), which was not size dependant, while others claimed a value of 2 H/Ru s . [11] It was also proposed using solid-state NMR that hydrogen chemisorption greatly underestimated the ruthenium dispersion. [12] Thus, it appears that no real consensus has been reached for the H/Ru s stoichiometry and for the method to perform chemisorption measurements. In the case of O 2 , various studies on ruthenium diverged in the O/Ru s stoichiometry, ranging from 1 to 2, [10, 13] but agreed on its high dependence toward the method of preparation and the size of the particles.
Here, by using EXAFS, HRTEM and XPS in combination with H 2 adsorption measurements, we show that fully 4 according to literature conditions, [14] calcined at 500 °C under air for 5 h and then treated under vacuum at 500 °C for 15 h (support referred as SBA-15 (500) ). The supported Ru particles were prepared by adapting a literature procedure [15] as follows: typically, Ru(COD)(COT) [16] and SiO 2-(700) (or SBA-15 (500) ) were loaded in a 370-mL reactor, and ca. 
XPS
X-ray photoelectron spectroscopy was performed in a KRATOS Axis Ultra DLD spectrometer, using a monochromated Al Kα x-ray with a pass energy of 20 eV and a coaxial charge neutraliser. The base pressure in the analysis chamber was better than 5 10 -8 Pa. The samples were prepared in a glove-box on an Indium foil sample holder and transferred into the spectrometer under inert atmosphere.
XPS spectra of Ru3d, C1s, Si2p and O1s levels were measured at a normal angle with respect to the plane of the surface. High-resolution spectra were corrected for charging effects by assigning a value of 284.6 eV to the C1s peak (adventitious carbon). Binding energies were determined with an accuracy of ± 0.2 eV. Synthetic components on Ru3d-C1s were analysed with a Shirley background subtraction and a peak shape with a combination of Gaussian and Lorentzian (30% Lorentzian).
Determination of particle size by TEM
All samples for TEM analysis were prepared from powder samples by dry preparation in a glove box and were transferred inside a special vacuum transfer holder under inert atmosphere to a Philips CM200 Transmission Electron Microscope. The acceleration voltage was 200 kV.
Determination of particle size by EXAFS
Transmission data were obtained at Stanford Synchrotron Radiation Laboratory on beam-line 11-2. The data reduction was performed by standard procedures using the programs EXAFSPAK and Athena. [17] [18] The background was removed by fitting a polynomial to the pre-edge of the data such that the post-edge spectrum followed the -4-Victoreen function µ Vic . The reduced sample was loaded in the glove-box in a cell tightly closed with aluminized mylar windows.
Fitting of the spectrum was done on the k 3 weighted data using Artemis/ifeffit. [18, 19] The program FEFF7 was used to calculate theoretical values for S i , F i , λ i , φ i , and φ c . [20] The ∆E 0 parameter was allowed to vary during fitting of the EXAFS spectra; for a given fit, ∆E 0 was constrained to be the same for all scattering shells. ∆E 0 is referenced to the inflection point of the absorption edge. The value of S 0 2 was determined to be 0.66 by fitting the EXAFS spectrum of bulk Ru. The fit ranges are given by ∆k and ∆R. ∆k is the range in k-space over which the spectrum can be fit and is determined by the quality of the data. ∆R is the range in R-space over which the data is being fit ; R max and R min are chosen at the points where the spectrum has a minimum at the end and beginning of the range of data being fit. The number of independent points, N ind , is given by Stern rule, N ind =2+2∆k∆R/π.
[21]
Adsorption experiments
Adsorption of H 2 . Chemisorption experiments were carried out at 25 °C using conventional Pyrex volumetric adsorption equipment. [22] The vacuum (10 −6 mbar) was achieved with a liquid nitrogen-trapped mercury diffusion RESULTS AND DISCUSSION
Characterisation of [Ru p /SiO 2 ] by XPS
The XPS spectrum of Ru p /SiO 2 (sample 1) at the Ru 3d level shows a binding energy of the Ru 3d 5/2 at 280.2 eV (Fig. 1) , which is consistent with Ru (0) [23] [24] of a totally reduced ruthenium sample, a crucial point for H 2 adsorption measurements.
Determination of the dispersion by Transmission Electron Microscopy
The TEM images of [Ru p /SiO 2 ] (sample 2), never exposed to air or O 2 , show homogeneously dispersed particles ( Fig. 2a) with a narrow particle size distribution centred at 2.0 ± 0.3 nm (Fig. 2b) . This is observed reproducibly with other [Ru p /SiO 2 ] samples. Assuming that these particles adopt a hcp structure as for bulk Ru and small nanoparticles, [25] the dispersion can be estimated to ca. 55 % (Fig. 2c) . Note that, when the samples are exposed to air (before introduction in the microscope as typically done in TEM analysis), the particles are difficult to observe. This is probably due to the formation of a RuO 2 shell around the particles, which induces a loss of contrast. This could also explain the discrepancies between various reported data (vide supra).
Calculation of the dispersion by EXAFS
The EXAFS spectrum of a [Ru P /SiO 2 ] sample (Ru 0.9 % wt ), its Fourier transform, and their corresponding fits are shown in Fig. 3 . Fitting the EXAFS data, using a model for Ru nanoparticles, gives a contribution of 10 neighbours in the first 2 shells (1.64-1.67 Å) ( Table 1) , which is consistent with nanoparticles having a mean size of 2.3 ± 0.7 nm. [26] This result is fully consistent with what is observed by HR-TEM.
Hydrogen and oxygen adsorption
First, the adsorption isotherms of H 2 (total and reversible) can be calculated assuming a dissociative adsorption on the surface ruthenium atoms, following the Langmuir law, as described in eq. 1, where Q irr and Q rev are respectively the amount of hydrogen irreversibly and reversibly adsorbed at room temperature, k is the reversible adsorption constant and P is the hydrogen pressure, note that Q irr is not sensitive to P. [27] Q ads =Q irr +Q rev .(kP) Table 4 ). Although the H/Ru t ratio decreases from 1.07 to 0.73 after the first oxidation/reduction cycle, the O/Ru t ratio (25 °C) remains almost constant (from 1.39 to 1.52). As further oxidation/reduction cycles are performed on this sample, the H/Ru t ratio slowly decreases while the O/Ru t ratio remains constant. This phenomenon is consistent with a modification of the particles, probably sintering, upon oxidation/reduction cycles.
CONCLUSION
In conclusion, elemental analysis, XPS, EXAFS, TEM and adsorption measurements on [Ru p /SiO 2 ] show that:
(1) Fully reduced 2 nm size Ru nanoparticles supported on silica, free of strong ligands, such as CO or Cl -, and carboneous species, are obtained using a perhydrocarbyl complex as precursor.
(2) Ru particles adsorbs ca. 2 H per surface ruthenium atoms (2H/Ru s ) on various samples, so that this technique can be used to measure the dispersion of Ru particles.
(3) O 2 is an inappropriate probe for dispersion measurements because of partial oxidation of the bulk even at 25 °C and the modification of adsorption properties upon oxidation/reduction cycles.
Finally, it is also worth pointing out that the H/M stoichiometry (2 H/Ru s ) is very close to this already obtained for Pt and Rh particles, [4, 6] and we are currently investigating the generality of this observation on other metal the coordination number for that shell in Ru metal (hcp structure), R is the radius of the particles, and r is the Ru-Ru distance of that set of atoms. [26] c) The hcp structure of Ru contains two sets of 6 atoms, which have slightly different bond distances. Only change in bond distance and the Debye-Waller factor was used in fitting the first two shells. Langmuir adsorption isotherms.
-13- Langmuir adsorption isotherms.
